Introduction
============

Acute liver failure (ALF) is characterized by a sudden and massive death of hepatocytes with high mortality rates. Currently, liver transplantation is the only available therapeutic strategy, as pharmacological treatment of ALF patients remains elusive. Toll-like receptors (TLRs) are distributed in hepatocytes and non-parenchymal cells of the liver, and sense not only pathogen-associated molecular patterns from microbes but also danger-associated molecular pattern molecules from dying host cells, which suggests TLRs have important roles in the hepatic homeostasis to disease.^[@bib1],\ [@bib2]^ In particular, myeloid differentiation protein 2 (MD-2) in complex with TLR4 recognizes the lipid A moiety of bacterial lipopolysaccharide (LPS), while TLR9 is an endosomal receptor for microbial double-stranded (ds) DNA or oligodeoxynucleotide containing unmethylated CpG motif (CpG ODN).^[@bib3],\ [@bib4]^ CpG ODN mimics the bacterial or viral unmethylated CpG DNA that stimulates mammalian TLR9s.^[@bib4]^ TLRs transmit immune responses cross the plasma membrane via differentiation factor 88 (MyD88) or Toll/IL-1 receptor-containing adaptor inducing IFN-β (TRIF) that are intracellular adaptor molecules.^[@bib5]^ MyD88 is involved in several TLRs (1/2, 2/6, 4, 5, 7, 8, 9)-mediated immune processes, while TRIF is specific to TLR3 and 4.^[@bib5],\ [@bib6],\ [@bib7]^

TLR/MyD88-associated immune process sequentially stimulates the phosphorylation of IL-1 receptor-associated kinase 4 (IRAK-4), the degradation of IRAK-1, and the auto-phosphorylation (activation) of TGF-β-activated kinase 1 (TAK1).^[@bib5],\ [@bib6]^ In turn, TAK1 phosphorylates the inhibitory κB (IκB) kinase (IKK) or stimulates the mitogen-activated protein kinase JNK or p38 in the activating pathways of nuclear factor-κB (NF-κB) and activating protein 1 (AP1), which upregulates expression of inflammatory genes encoding TNF-α, IL-1α, IL-6, HMGB-1 and chemokines.^[@bib8],\ [@bib9]^ On the other hand, TLR/TRIF-associated immune process triggers expression of IFN-β or IP-10 gene via the interferon regulatory factor 3 (IRF3), in which TNF receptor (TNFR)-associated factor family member-associated NF-κB activator-binding kinase 1 (TBK-1) activates IRF3 through specific phosphorylation.^[@bib5],\ [@bib10]^

LPS- or CpG ODN-induced ALF in [D]{.smallcaps}-galactosamine (GalN)-sensitized mice has been used to investigate the associated inflammatory and apoptotic injury mechanisms, in which GalN is exclusively metabolized to UDP-GalN in the liver, leading to UTP depletion.^[@bib11],\ [@bib12],\ [@bib13]^ Pathogenesis of the immune-mediated ALF is initiated by TLR/MyD88-mediated signal cascade that elevates the production of inflammatory cytokines in non-parenchymal immune cells of the liver including Kupffer cells.^[@bib14],\ [@bib15]^ Among the hepatic cytokines, TNF-α plays important roles in the apoptosis of hepatocytes and also in the recruitment of leukocytes to liver sinusoids.^[@bib16],\ [@bib17]^ Neutrophils transmigrate into the liver to remove apoptotic cells but their exaggerated responses attack healthy hepatocytes, resulting in severe liver injury to shock-mediated death.^[@bib16],\ [@bib18]^

Chalcone derivatives are enriched in numerous medicinal plants. They exhibit hepatoprotective activities against LPS-induced ALF in GalN-sensitized mice, CCl~4~-induced hepatic inflammation in rats, ischemia/reperfusion-induced hepatotoxicity in mice, or hepatitis C virus-infected liver steatosis and fibrosis in dogs.^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ However, their mechanisms remain to be clarified. In the current study, we focused on molecular basis of piperidylmethyloxychalcone (PMOC, [Figure 1a](#fig1){ref-type="fig"}) in the treatment of TLR/MyD88-associated ALF in mice, and proposed the ATP-binding active site of TAK1 as a potential therapeutic target.

Materials and methods
=====================

Materials
---------

PMOC (\>97% purity) was prepared as described in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. TLR agonists including CpG ODN were purchased from Invitrogen (Carlsbad, CA, USA), rhTAK1-TAB1 or other protein kinases from SignalChem (Richimond, Canada), enzyme-linked immunosorbent assay (ELISA) kits and cytokines (TNF-α, IL-1α, HMGB-1) from R&D Systems (Minneapolis, MN, USA), and 2′,3′-*O*-(2,4,6-trinitrophenyl)-adenosine triphosphate (TNP-ATP) from Life Technology (Bangalore, India). Primary and secondary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) or BioLegend (San Diego, CA, USA). *Escherichia coli* LPS and other materials were purchased from Sigma-Aldrich (St Louis, MO, USA) unless otherwise specified.

Mouse ALF model
---------------

C57BL/6J male mice, aged 5--6 weeks, were purchased from KRIBB (Cheongju, Korea), and kept at the animal facility with temperature (22±2 °C), humidity (55±5%) and a 12 h/12 h light--dark cycle. Animal study was conducted in accordance with the protocol approved by the Animal Experimentation Ethics Committee in Chungbuk National University (permit number CBNUA-809-15-01). C57BL/6J mice were intraperitoneally (i.p.) challenged with *E. coli* LPS (10 μg kg^−1^) plus GalN (500 mg kg^−1^) (LPS/GalN) or CpG ODN (20 μg kg^−1^) plus GalN (500 mg kg^−1^) (CpG ODN/GalN) for induction of immune-mediated ALF, and then treated with vehicle or PMOC intravenously (i.v.). Survival rates of ALF-induced mice were examined as primary outcome. Blood samples were collected to analyze aminotransferase (AST, ALT) or bilirubin levels. Hepatic lobules were fixed with 10% *p*-formaldehyde. After dehydration, the specimens were embedded in paraffin, sectioned with 3 μm thickness and incubated with either hematoxylin and eosin (H&E) or terminal deoxynucleotidyl transferase-dUTP nick and labeling (TUNEL) assay kit (Promega, Madison, WI, USA) for histological examinations. Hepatic injury in H&E staining was scored as normal=1, mild=2, moderate=3 and severe=4. Liver homogenates were loaded onto Caspase-Glo assay kits (Promega) in the determination of caspase-3/7 or -8 activity.

Isolation of primary liver cells and macrophages
------------------------------------------------

Primary liver cells were isolated from C57BL/6J mice. Mouse livers were perfused *in situ* via the portal vein with Ca^2+^-free HBSS for 10 min (flow rate 3--8 ml min^−1^ at 37 °C), and then digested with Liberase (30 μg ml^−1^ in HBSS supplemented with 5 m[M]{.smallcaps} CaCl~2~) for 10 min (flow rate 5 ml min^−1^ at 37 °C). Thereafter, the livers were mechanically dispersed in ice-cold HBSS supplemented with 1% BSA, filtered through an 100-μm nylon mesh, and centrifuged for 5 min at 50 *g* and 4 °C. The cells in the supernatant were used as whole liver cells or subjected to Percoll gradient for enrichment of Kupffer cells or hepatocytes. Whole liver cells were loaded on a 25--50% Percoll gradient and centrifuged for 30 min at 1350 *g* and 4 °C. Cells between the cushions were seeded into Petri dish containing RPMI medium supplemented with 10% FBS and antibiotic cocktail, and incubated for 30 min at 37 °C. After washing gently with RPMI medium, adherent cells were used as Kupffer cells. In another, whole liver cells were loaded onto 40% Percoll gradient and centrifuged for 10 min at 200 g and 4 °C. Cells in the interface were used as primary hepatocytes. The primary liver cells were maintained in type IV collagen (0.1 mg ml^−1^)-coated culture plates containing RPMI medium supplemented with 10% FBS and antibiotic cocktail under an atmosphere of 37 °C and 5% CO~2~.

RAW 264.7 monocytic cells were purchased from American Tissue Culture Collection (Manassas, VA, USA), and peritoneal macrophages were isolated from C57BL/6J mice. In brief, abdominal areas were disinfected with 70% ethyl alcohol and peritoneal cavities were flushed with ice-cold PBS to harvest macrophages. RAW 264.7 cells or peritoneal macrophages were seeded into DMEM supplemented with 10% FBS and antibiotic cocktail, and incubated under an atmosphere of 37 °C and 5% CO~2~.

Flow cytometric analysis
------------------------

After Fc receptor blockade, cells were incubated with PE-conjugated anti-CD11b (clone: M1/70) or APC-conjugated anti-Ly6G (clone: 1A8) antibody, and subjected to flow cytometric analysis.

Reverse transcription-polymerase chain reaction
-----------------------------------------------

Reverse transcription-polymerase chain reaction analysis was carried out to determine mRNA levels of CCL2, CCL25, CCR2, CCR9, CXCL1, CXCL2, CXCR2, HMGB-1, IFN-β, IL-1α, IL-6 or TNF-α gene with β-actin as an internal control. Nucleotide sequences of the reverse transcription-polymerase chain reaction primers are described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Briefly, total RNAs (1 μg) were reversely transcribed with oligo-dT primer for 1 h at 42 °C. Single-stranded (ss) cDNAs were subjected to PCR for 27--32 cycles, in which one cycle was consisted with heat denaturation for 30 s at 94 °C, primer annealing for 30 s at 52--57 °C and DNA synthesis for 1 min at 72 °C. The reaction mixtures were resolved on agarose gels by electrophoresis and incubated with 1% ethidium bromide to visualize mRNA levels of each gene.

Western blot analysis
---------------------

Cell extracts were boiled for 10 min in the presence of 0.5% SDS and 1% 2-mercaptoethanol, and resolved on acrylamide gels by electrophoresis. Proteins on the gels were transferred to a polyvinylidene difluoride membrane. Blots were blocked with 5% non-fat milk or 5% BSA in TTBS, and reacted with primary antibody for overnight at 4 °C followed by horseradish peroxidase-labeled secondary antibody for 2--4 h. After washing with TTBS, blots were soaked in an enhanced chemiluminescence reagent (GE Healthcare, Chalfont, St Giles, UK) to visualize immune complex.

*In vitro* kinase assay
-----------------------

Catalytically active rhTAK1-TAB1 or other protein kinases were reacted with major basic protein (MBP, 0.33 mg ml^−1^) as an exogenous substrate and \[γ-^32^P\]ATP (5 μCi) as the probe for 30 min at 30 °C. The reaction mixtures were spotted onto a P81 phosphocellulose filter, and washed extensively with 0.8% H~3~PO~4~ followed by 98% acetone. Radioactivity on the filter was measured as count per min (cpm). rhTAK1-TAB1-catalyzed kinetic parameters, Michaelis--Menten *K*~m~ constant and maximal velocity (*V*~max~), were determined by the Lineweaver--Burk plots.

Fluorescence analysis
---------------------

Fluorescent ATP probe (TNP-ATP, 2 μ[M]{.smallcaps}) was incubated with rhTAK1-TAB1 (100 ng) for 2 h in cell-free reactions. Fluorescence values were measured as relative fluorescence units (RFUs) with excitation at 400 nm and emission at 500--610 nm.

Molecular docking
-----------------

The crystallographic structure of rhTAK1-TAB1 was obtained from Protein Data Bank (code no. 4L3P), in which amino-acid sequences between human and mouse TAK1s are identical in a range of 91%. Chemical structure of PMOC was drawn in accordance with the Tripos force field and Gasteiger--Huckel charge in the Sybyl package. PMOC docking to the crystal structure of TAK1-TAB1 was simulated using the Surflex--Dock program in Sybyl package.

Confocal microscopy
-------------------

Cells were fixed with 4% *p*-formaldehyde and permeabilized in 0.5% Triton X-100. After washing with PBS, cells were blocked with 1% BSA for 1 h, and reacted with anti-NF-κB p65 antibody for 2 h followed by Alexa Fluor 568-labeled secondary antibody for another 1 h in the dark. The cells were then incubated with 4,6-diamidino-2-phenylindole (DAPI, 3 μ[M]{.smallcaps}) for 3 min in the dark, and examined using confocal microscopy.

Luciferase reporter assay
-------------------------

Luciferase reporter constructs of TNF-α (−1260/+60)-Luc or IL-1α (−1856/+1)-Luc were used in the determination of promoter activity of TNF-α or IL-1α gene,^[@bib23],\ [@bib24]^ and those of NF-κB-Luc, AP1-Luc or IRF3-Luc in the analysis of NF-κB, AP-1 or IRF3 transcriptional activity (Promega). Cells were incubated with Lipofectamine 2000 (Invitrogen) in the presence of each reporter construct and *Renilla* control vector. Firefly luciferase activity, a reporter, was measured as relative luminescence units and normalized to the *Renilla* activity, a transfection efficiency.

Secretory alkaline phosphatase reporter assay
---------------------------------------------

RAW 264.7 cells that stably harbor NF-κB-secretory alkaline phosphatase (SEAP) reporter construct were used in the determination of NF-κB transcriptional activity.^[@bib25]^ Supernatants in the cell culture were heated for 10 min at 65 °C and incubated with 4-methylumbelliferyl phosphate (400 μ[M]{.smallcaps}) for 1 h in the dark. SEAP activity, a reporter, was measured as RFU with excitation at 360 nm and emission at 450 nm.

Statistical analysis
--------------------

Data were statistically analyzed by the Dunnett's test in one-way ANOVA program, are represented as mean±s.d. *P*\<0.05 was considered as significantly different.

Results
=======

PMOC rescues ALF-induced mice
-----------------------------

LPS/GalN- or CpG ODN/GalN-injected mice were time-dependently died as a result of ALF, while LPS-, CpG ODN- or GalN alone-injected mice did not ([Figure 1b](#fig1){ref-type="fig"}). C57BL/6J mice were intoxicated with LPS/GalN or CpG ODN/GalN (i.p.) for induction of ALF, and then treated with vehicle, PMOC or silymarin (i.v.). Silymarin, a hepatoprotective drug that contains flavolignans, was used as a positive control agent.^[@bib26]^ Treatment with PMOC or silymarin decreased mortality rates of LPS/GalN-challenged mice with ALF, such that about 70% of the mice survived in the PMOC (100 mg kg^−1^)- or silymarin (50 mg kg^−1^)-treated group, while most of them died in the vehicle alone-treated group ([Figure 1c](#fig1){ref-type="fig"}). Moreover, treatment with PMOC dose-dependently decreased ALF-associated death of CpG ODN/GalN-challenged mice ([Figure 1d](#fig1){ref-type="fig"}). LPS/GalN-challenged mice drastically increased aminotransferases (AST, ALT) or bilirubin levels in the blood ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), which are known as biochemical markers of severe liver injury. Treatment with PMOC decreased AST, ALT or bilirubin levels in the blood of ALF-induced mice ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Concurrently, PMOC ameliorated LPS/GalN-induced liver injury, especially congestion and parenchymal degeneration in the hepatic lobules, as did silymarin as a positive control agent ([Figure 1e](#fig1){ref-type="fig"}).

LPS/GalN- or CpG ODN/GalN-induced ALF pathogenesis stimulates hepatic inflammation and apoptotic death of hepatocytes.^[@bib11],\ [@bib15],\ [@bib16]^ C57BL/6J mice were intoxicated with LPS/GalN or CpG ODN/GalN (i.p.) for induction of ALF, and then treated with vehicle or PMOC (i.v.). Treatment with PMOC decreased leukocyte infiltration into the livers of LPS/GalN-challenged mice with ALF, as evident in flow cytometric analysis with CD11b identifying immune cells such as monocytes, macrophages and neutrophils or with Ly6G as a marker of neutrophils ([Figure 2a](#fig2){ref-type="fig"}). Concurrently, PMOC suppressed mRNA levels of chemokines and their receptors in the liver with ALF ([Figure 2b](#fig2){ref-type="fig"}). Activated Kupffer or immune cells in the liver secrete CCL2 and CCL25, chemokines that recruit monocytes/macrophages via the respective receptors CCR2 and CCR9 for hepatic inflammation, or CXCL1 and CXCL2 that activate neutrophils via the common receptor CXCR2.^[@bib27]^ TUNEL and caspase assays were then carried out to understand the apoptotic death of hepatocytes in immune-mediated ALF. Treatment with PMOC also decreased TUNEL-positive cells in the livers of CpG ODN-challenged mice with ALF ([Figure 2c](#fig2){ref-type="fig"}) as well as caspase-3/7 or -8 activity in the tissues ([Figure 2d and e](#fig2){ref-type="fig"}). The results *in vivo* suggested that PMOC could sequentially contribute to the amelioration of hepatic inflammation, apoptosis of hepatocytes, severe liver injury and shock-mediated death in ALF-induced mice.

PMOC suppresses NF-κB/AP1-regulated gene expression in the liver with ALF
-------------------------------------------------------------------------

To determine whether PMOC affected TLR-associated immune process, we examined the active indexes via specific phosphorylation of NF-κB p65 at the Ser-536 residue, c-Fos at the Ser-32 residue, c-Jun at the Ser-63 residue or IRF3 at the Ser-396 residue.^[@bib28],\ [@bib29]^ LPS/GalN-challenged mice with ALF stimulate the phosphorylation of NF-κB p65, c-Jun or IRF3 in the liver.^[@bib30]^ CpG ODN/GalN-injected mice with ALF also markedly increased phosphor (p)-NF-κB p65 or p-c-Fos levels in the liver, while CpG ODN-, GalN- or PMOC alone-injected mice did not show any activation of the transcription factors ([Supplementary Figure S2a](#sup1){ref-type="supplementary-material"}). C57BL/6J mice were intoxicated with LPS/GalN or CpG ODN/GalN (i.p.) for induction of ALF, and then treated with vehicle or PMOC (i.v.). Treatment with PMOC decreased LPS/GalN- or CpG ODN/GalN-induced p-NF-κB p65, p-c-Fos or p-c-Jun levels in the liver ([Figure 3a](#fig3){ref-type="fig"}), which are TLR/MyD88-dependent responses. However, treatment with PMOC did not decrease LPS/GalN-induced p-IRF3 levels in the liver ([Supplementary Figure S2b](#sup1){ref-type="supplementary-material"}), suggesting no effect on TLR4/TRIF-associated immune process. Concurrently, PMOC inhibited LPS/GalN- or CpG ODN/GalN-stimulated auto-phosphorylation (activation) of TAK1 at the Thr-184 and Thr-187 residues in the liver but not that of IRAK-4 at the Thr-345 and Ser-346 residues ([Figure 3b](#fig3){ref-type="fig"}). TAK1 is located downstream from IRAK-4 in the TLR/MyD88-dependent activating pathways of NF-κB and AP1.^[@bib6],\ [@bib8]^ Furthermore, treatment with PMOC-suppressed protein and mRNA levels of NF-κB/AP1-target genes encoding TNF-α and IL-1α in the liver ([Figure 3c--e](#fig3){ref-type="fig"}), but not mRNA levels of IRF3-target IFN-β gene ([Figure 3e](#fig3){ref-type="fig"}). The results *in vivo* suggested that PMOC could inhibit the autophosphorylation (activation) of TAK1 in the liver with immune-mediated ALF, thus suppressing the transcriptional activity of NF-κB or AP1.

PMOC inhibits TAK1 auto-phosphorylation in primary liver cells and macrophages
------------------------------------------------------------------------------

PMOC did not affect LPS binding to rhMD-2 in cell-free reactions, whereas lipid IVa (MD-2 antagonist) as a positive control agent resulted in inhibition of the binding ([Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}), thereby excluding the possibility of direct effect of PMOC on the receptor or LPS scavenging. To elucidate a mechanism of PMOC, we examined TAK1 auto-phosphorylation in primary liver cells, because it decreased p-TAK1 levels in the livers of ALF-induced mice shown in [Figure 3b](#fig3){ref-type="fig"}. PMOC inhibited TAK1 auto-phosphorylation in LPS- or CpG ODN-activated whole liver cells ([Figure 4a](#fig4){ref-type="fig"}). PMOC also decreased Pam3CSK4 (TLR1/2 agonist mimicking the triacylated lipoprotein from Gram-positive bacteria)-, flagellin (TLR5 agonist from bacterial flagellar filament)- or ssRNA (TLR7 agonist mimicking the viral RNA)-induced p-TAK1 levels in whole liver cells ([Figure 4b](#fig4){ref-type="fig"}), as well as TNF-α-, IL-1α- or HMGB-1-induced p-TAK1 levels in the cells ([Figure 4c](#fig4){ref-type="fig"}). Moreover, PMOC inhibited TAK1 auto-phosphorylation in LPS- or CpG ODN-activated Kupffer cells and TNF-α- or IL-1α-activated hepatocytes, in which LLZ 1640-2 was used as a positive control agent ([Figure 4d and e](#fig4){ref-type="fig"}). LLZ 1640-2 is an irreversible ATP-competitive inhibitor of TAK1-catalyzed kinase activity.^[@bib31]^ Similarly, PMOC inhibited TAK1 auto-phosphorylation in LPS-, CpG ODN- or TNF-α-activated mouse peritoneal macrophages and RAW 264.7 cells ([Supplementary Figure S3b and c](#sup1){ref-type="supplementary-material"}). PMOC at concentrations up to 30 μ[M]{.smallcaps} did not disturb the viability of whole liver cells ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}), thereby excluding the possibility of nonspecific cytotoxicity.

On the other hand, PMOC affected neither the IRAK-4 auto-phosphorylation in LPS- or CpG ODN-activated whole liver cells and RAW 264.7 cells, in which *N*-(2-morpholinylethyl)-2-(3-nitrobenzoylamindo)-benzimidazole (IS409, IRAK-1/4 inhibitor) was used as a positive control agent ([Supplementary Figure S4b and c](#sup1){ref-type="supplementary-material"}), nor the IRAK-1 degradation in LPS-activated cells ([Supplementary Figure S4d](#sup1){ref-type="supplementary-material"}). The results *in vitro* suggested that PMOC could inhibit TAK1 auto-phosphorylation in primary liver cells and macrophages stimulated with various TLR agonists or endogenous cytokines, while it had no effects on TLR/MyD88-recruited early signal transducers, including IRAK-1 and -4, that are located upstream from TAK1.

PMOC is an ATP-competitive inhibitor of TAK1-catalyzed kinase activity
----------------------------------------------------------------------

To determine whether PMOC directly inhibited the kinase activity of TAK1, catalytically active rhTAK1-TAB1 was treated with PMOC in cell-free reactions and reacted with MBP as an exogenous substrate in the presence of \[γ-^32^P\]ATP probe. PMOC dose-dependently inhibited the rhTAK1-TAB1-catalyzed kinase activity, as did LLZ 1640-2 as a positive control agent ([Figure 5a](#fig5){ref-type="fig"}). In a kinetic study, rhTAK1-TAB1 exhibited a *K*~m~ of 0.09 μ[M]{.smallcaps} and a *V*~max~ of 1570 Δcpm min^−1^ with varying concentrations of ATP ([Figure 5b](#fig5){ref-type="fig"}). Treatment with PMOC increased the *K*~m~ value but did not alter the *V*~max~ value of rhTAK1-TAB1-catalyzed kinase activity ([Figure 5b](#fig5){ref-type="fig"}), suggesting a competitive inhibitor with respect to ATP. However, PMOC did not inhibit the catalytic activities of cell-free rhIRAK-4, rhIKKβ, rhJNK and rhTBK-1 that are also involved in TLRs-associated immune responses, in which IS409 (IRAK-1/4 inhibitor), sulfasalazine (IKKβ inhibitor), SP 600125 (JNK inhibitor) and amlexanox (TBK-1 inhibitor) were used as positive control agents ([Figure 5c--f](#fig5){ref-type="fig"}).

To clarify whether PMOC interacted with the ATP-binding site of TAK1, fluorescent ATP probe (TNP-ATP) was pre-incubated with rhTAK1-TAB1 in cell-free reactions to achieve stable fluorescence intensity, and treated with PMOC. The fluorescence intensity of TNP-ATP was markedly increased following its binding to rhTAK1-TAB1 ([Figure 6a](#fig6){ref-type="fig"}). Post treatment with PMOC decreased rhTAK1-TAB1-enhanced fluorescence intensity of TNP-ATP ([Figure 6a](#fig6){ref-type="fig"}), indicating displacement of TNP-ATP from the complex with rhTAK1-TAB1. However, non-fluorescent PMOC did not alter basal fluorescence values of TNP-ATP in the absence of rhTAK1-TAB1 ([Figure 6b](#fig6){ref-type="fig"}). LLZ 1640-2 as a positive control agent also displaced TNP-ATP from the complex with rhTAK1-TAB1, as did PMOC ([Figure 6b](#fig6){ref-type="fig"}).

Based on the evidences that PMOC competitively inhibited the kinase activity of rhTAK1-TAB1 with varying concentrations of ATP and displaced fluorescent ATP probe from the complex with rhTAK1-TAB1, we conducted molecular docking with the crystal structure of human TAK1.^[@bib32]^ PMOC was docked at the ATP-binding active site of TAK1 consisting with the Glu-105, Ala-107 and Asn-114 residues in the most favorable simulation ([Figure 6c](#fig6){ref-type="fig"}). Hydrogen bonding was achieved between the 2′-hydroxyl group of PMOC and the peptidyl carbonyl group of Glu-105 or the peptidyl amino group of Ala-107, and between the 4-hydroxyl group of PMOC and the side chain of Asn-114 ([Figure 6c](#fig6){ref-type="fig"}). Moreover, the docking simulation of PMOC overlapped with that of the endogenous ligand, ATP bound to TAK1 ([Figure 6d](#fig6){ref-type="fig"}).

PMOC inhibits TAK1-inducible transcriptional activity of NF-κB or AP1
---------------------------------------------------------------------

The inhibition of cellular TAK1 could affect TLR/MyD88- or TNFR-dependent activating pathways of NF-κB and AP1, because TAK1 is located upstream from the pathways.^[@bib5],\ [@bib8],\ [@bib9]^ Treatment with PMOC sequentially inhibited IκBα phosphorylation in LPS- or CpG ODN-activated whole liver cells and LPS-activated RAW 264.7 cells ([Supplementary Figure S5a and b](#sup1){ref-type="supplementary-material"}), nuclear import of NF-κB p65 in LPS-activated RAW 264.7 cells ([Supplementary Figure S5c](#sup1){ref-type="supplementary-material"}), and NF-κB transcriptional activity in LPS-, CpG ODN- or TNF-α-activated cells containing NF-κB-Luc reporter construct ([Supplementary Figure S5d](#sup1){ref-type="supplementary-material"}). To determine whether TAK1 was a primary target of PMOC in the inhibition of NF-κB activating pathway, RAW 264.7 cells that stably harbor NF-κB-SEAP reporter construct were transfected with expression vector of TAK1-TAB1 or IKKβ. The ectopic expression of TAK1-TAB1 or IKKβ, which bypasses the TLRs or cytokine receptors, increased NF-κB transcriptional activity that was reported by SEAP activity ([Supplementary Figure S5e and f](#sup1){ref-type="supplementary-material"}). PMOC inhibited TAK1-TAB1 vector-elicited NF-κB transcriptional activity ([Supplementary Figure S5e](#sup1){ref-type="supplementary-material"}), but not SEAP activity under the control of IKKβ vector ([Supplementary Figure S5f](#sup1){ref-type="supplementary-material"}), thereby excluding the possibility of direct effect of POMC on the NF-κB activating pathway that is located downstream from TAK1.

PMOC also inhibited AP1-activating pathway in primary liver cells, including the LPS- or CpG ODN-induced phosphorylation of JNK1/2 at the Thr-183 residue or p38 at the Thr-180 residue ([Supplementary Figure S6a](#sup1){ref-type="supplementary-material"}) and the LPS-induced phosphorylation of c-Fos or c-Jun, in which LLZ 1640-2 and SP 600125 were used as positive control agents ([Supplementary Figure S6b](#sup1){ref-type="supplementary-material"}). Moreover, PMOC decreased p-c-Fos or p-c-Jun levels in the nucleus of LPS-, CpG ODN- or TNF-α-activated RAW 264.7 cells ([Supplementary Figure S6c](#sup1){ref-type="supplementary-material"}), and inhibited AP1 transcriptional activity in LPS- or CpG ODN-activated cells containing AP1-Luc reporter construct ([Supplementary Figure S6d](#sup1){ref-type="supplementary-material"}).

On the other hand, PMOC affected neither the IRF3 phosphorylation in LPS-activated whole liver cells and poly I:C (TLR3 agonist)- or LPS-activated RAW 264.7 cells ([Supplementary Figure S7a and b](#sup1){ref-type="supplementary-material"}), nor the IRF3 transcriptional activity in LPS-activated cells containing IRF3-Luc reporter construct ([Supplementary Figure S7c](#sup1){ref-type="supplementary-material"}). The results *in vitro* suggested that PMOC interrupted TAK1-inducible transcriptional activity of NF-κB or AP1 in primary liver cells and macrophages, whereas it had no effects on TLR/TRIF-dependent IRF3 activity.

PMOC suppressed protein and mRNA levels of NF-κB/AP1-target genes encoding TNF-α, IL-1α, IL-6 or HMGB-1 in LPS-activated whole liver cells ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}; [Supplementary Figure S8a](#sup1){ref-type="supplementary-material"}), which was consistent with the *in vivo* effects in ALF-induced mice shown in [Figure 3c--e](#fig3){ref-type="fig"}. RAW 264.7 cells were then transfected with either TNF-α-Luc reporter construct containing the TNF-α promoter region (−1260/+60) or IL-1α-Luc reporter construct containing the IL-1α promoter region (−1856/+1). PMOC inhibited LPS- or CpG ODN-stimulated promoter activity of TNF-α gene that was reported by firefly luciferase assay ([Supplementary Figure S8b](#sup1){ref-type="supplementary-material"}), as wells as LPS- or TNF-α-stimulated promoter activity of IL-1α gene ([Supplementary Figure S8c](#sup1){ref-type="supplementary-material"}), suggesting that PMOC could downregulate the expression of NF-κB/AP1-target genes at the transcription level. However, PMOC did not affect protein levels of IRF3-target genes encoding IFN-β and IP-10 in LPS-activated whole liver cells ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

Discussion
==========

In the current study, PMOC ameliorated LPS- or CpG ODN-induced ALF in GalN-sensitized C57BL/6J mice via suppressing TLR/MyD88-dependent immune process. As a molecular basis, PMOC directly inhibited TAK1-catalyzed kinase activity in a competitive mechanism with respect to ATP, and displaced fluorescent ATP probe from the complex with TAK1-TAB1. Consistent with these findings, PMOC was docked at the ATP-binding active site on the crystal structure of TAK1 in the most favorable simulation.

The importance of TLR4, TLR9, or MyD88 in hepatic diseases has been demonstrated in mice with gene knockout (KO). TLR4-KO mice are completely resistant to LPS/GalN-induced ALF, and relatively hypo-responsive to acetaminophen-induced liver necrosis and multi-organ dysfunction compared with the wild-type strains.^[@bib33],\ [@bib34]^ TLR4-KO mice are also protected from ischemia/reperfusion-induced hepatotoxicity and alcohol-induced hepatic inflammation.^[@bib35],\ [@bib36]^ TLR9-KO mice are insensitive to the CpG ODN/GalN-induced ALF with suppressed expression of NF-κB/AP1-target genes encoding TNF-α, IL-1β or IL-6, and to the acetaminophen- or concanavalin A-induced ALF.^[@bib12],\ [@bib37],\ [@bib38]^ MyD88-KO mice elude ALF induced by LPS following the sensitization with gut-resident *Propionibacterium acnes*, in which MyD88 in non-parenchymal immune cells rather than hepatocytes is critically involved in the associated inflammatory injury.^[@bib36],\ [@bib39]^ Moreover, MyD88-KO mice are attenuated from diethylnitrosamine-induced hepatocarcinogenesis, bile duct ligation-induced hepatic fibrosis, and malaria *Plasmodium berghei*-infected liver damage.^[@bib40],\ [@bib41],\ [@bib42]^

LLZ 1640-2 is well known as a selective inhibitor of TAK1, and was used as a positive control agent in this study. LLZ 1640-2 has an unsaturated *cis*-enone moiety that attacks the Cys-174 residue in ATP-binding active site of TAK1 to make a covalent adduct.^[@bib43]^ LLZ 1640-2 is rapidly inactivated in human or mouse microsomes and plasma due to *cis*-to-*trans* isomerization of the enone moiety via Michael addition/elimination with glutathione (GSH) and glutathione transferase (GST) in biological fluids.^[@bib44]^ Moreover, the *trans*-isomer of LLZ 1640-2 is 50-fold less potent than the parent *cis*-isomer in the inhibition of LPS-induced TNF-α promoter activity in THP-1 cells.^[@bib44]^ In the current study, PMOC inhibited TAK1-catalyzed kinase activity via a reversible competition with respect to ATP, suggesting that its unsaturated enone moiety might be dispensable in the molecular mechanism of action. However, *in vivo* metabolism and pharmacokinetics of PMOC remain to be determined.

Taken together, we propose the ATP-binding active site of TAK1 as a molecular target of PMOC in the treatment of TLR/MyD88-associated ALF in mice. Hence, PMOC inhibited the auto-phosphorylation (activation) of TAK1 in the livers of LPS/GalN- or CpG ODN/GalN-challenged mice with ALF, as well as the TAK1-catalyzed kinase activity in primary liver cells and macrophages stimulated with TLR (1/2, 4, 5, 7, 9) agonists or endogenous cytokines (TNF-α, IL-1α, HMGB-1). PMOC consequently suppressed TAK1-inducible NF-κB or AP1 activation and NF-κB/AP1-regulated gene expression in the liver, thus targeting inflammatory injury in the pathogenic pathway of ALF. Finally, this study suggested a therapeutic target of immune-mediated ALF following insult with TLR pathogens.
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![Effect of piperidylmethyloxychalcone (PMOC) on immune-mediated acute liver failure (ALF) in mice. (**a**) Chemical structure of PMOC. (**b**) C57BL/6J mice were intraperitoneally injected with lipopolysaccharide (LPS) (10 μg kg^−1^), CpG ODN (20 μg kg^−1^), GalN (500 mg kg^−1^), LPS (10 μg kg^−1^)/GalN (500 mg kg^−1^) or CpG ODN (20 μg kg^−1^)/GalN (500 mg kg^−1^). Survival rates were examined until 42 h after each challenge. (**c**, **d**) C57BL/6J mice were intraperitoneally intoxicated with LPS (10 μg kg^−1^)/GalN (500 mg kg^−1^) or CpG ODN (20 μg kg^−1^)/GalN (500 mg kg^−1^) for induction of ALF, and then treated with vehicle, PMOC or silymarin intravenously. Survival rates were examined until 42 h after each challenge. Data are mean±s.d. (*n*=12). \**P*\<0.05 vs LPS/GalN- or CpG ODN/GalN alone-injected mice. (**e**) Hepatic lobules were embedded in paraffin, sectioned with 3 μm thickness, and stained with H&E for histological examination. The scale bars are 50 μm. Data are mean±s.d. (*n*=5). ^\#^*P*\<0.05 vs vehicle alone-injected mice. \**P*\<0.05 vs LPS/GalN alone-injected mice.](emm2017156f1){#fig1}

![Effects of piperidylmethyloxychalcone (PMOC) on leukocyte infiltration and apoptotic injury in the livers of acute liver failure (ALF)-induced mice. C57BL/6J mice were intraperitoneally intoxicated with lipopolysaccharide (LPS) (10 μg kg^−1^)/GalN (500 mg kg^−1^) or CpG ODN (20 μg kg^−1^)/GalN (500 mg kg^−1^) for induction of ALF, and then treated with vehicle or PMOC intravenously. (**a**) Total cells were isolated from the liver. After Fc receptor blockade, cells were stained with PE-conjugated anti-CD11b antibody or APC-conjugated anti-Ly6G antibody, and subjected to flow cytometric analysis. Data are mean±s.d. (*n*=5). (**b**) Total RNAs were isolated from liver tissues, and subjected to RT-PCR to determine mRNA levels of CCL2, CCR2, CCL25, CCR9, CXCL1, CXCL2 or CXCR2 gene with β-actin as an internal control. Data are mean±s.d. (*n*=3). (**c**) Hepatic lobules were embedded in paraffin, sectioned with 3 μm thickness, and stained with TUNEL assay kit for histological examination. The scale bars are 50 μm. Data are mean±s.d. (*n*=5). (**d**, **e**) Liver homogenates were loaded onto Caspase-Glo assay kits to determine caspase-3/7 or -8 activity. Data are mean±s.d. (*n*=5). ^\#^*P*\<0.05 vs vehicle alone-injected mice. \**P*\<0.05 vs LPS/GalN- or CpG ODN/GalN alone-injected mice.](emm2017156f2){#fig2}

![Effects of piperidylmethyloxychalcone (PMOC) on the phosphorylation (activation) of NF-κB or AP1 and the expression of TNF-α or IL-1α in the livers of acute liver failure (ALF)-induced mice. (**a**) C57BL/6J mice were intraperitoneally intoxicated with lipopolysaccharide (LPS) (10 μg kg^−1^)/GalN (500 mg kg^−1^) or CpG ODN (20 μg kg^−1^)/GalN (500 mg kg^−1^) for induction of ALF, and then treated with vehicle or PMOC intravenously. (**a**, **b**) Cell extracts were prepared from liver tissues, and subjected to western blot analysis (WB) with paired antibodies against p-NF-κB p65 and total NF-κB p65, p-c-Fos and total c-Fos, p-c-Jun and total c-Jun (**a**), p-IRAK-4 and total IRAK-4 or p-TAK1 and total TAK1 (**b**). Data are mean±s.d. (*n*=3). (**c**, **d**) Liver homogenates were loaded onto ELISA kits to determine protein levels of TNF-α or IL-1α. Data are mean±s.d. (*n*=5). (**e**) Total RNAs were prepared from liver tissues, and subjected to RT-PCR to determine mRNA levels of TNF-α, IL-1α or IFN-β gene with β-actin as an internal control. Data are mean±s.d. (*n*=3). ^\#^*P*\<0.05 vs vehicle alone-injected mice. \**P*\<0.05 vs LPS/GalN- or CpG ODN/GalN alone-injected mice.](emm2017156f3){#fig3}

![Effect of piperidylmethyloxychalcone (PMOC) on TAK1 auto-phosphorylation in primary liver cells. Primary liver cells were isolated from C57BL/6J mice. Whole liver cells were pretreated with PMOC for 2 h and stimulated with lipopolysaccharide (LPS) or CpG ODN (**a**), other TLR agonists (**b**) or cytokines (**c**) for 10--20 min in the presence of PMOC. (**d**) Kupffer cells were pretreated with PMOC for 2 h and stimulated with LPS or CpG ODN for 10--20 min in the presence of PMOC. (**e**) Hepatocytes were pretreated with PMOC for 2 h and stimulated with TNF-α or IL-1α for 10--20 min in the presence of PMOC. Cell extracts were subjected to western blot analysis (WB) with anti-p-TAK1 or anti-TAK1 antibody. Data are mean±s.d. (*n*=3). ^\#^*P*\<0.05 vs media alone-added group. \**P*\<0.05 vs each TLR agonist- or each cytokine alone-stimulated group.](emm2017156f4){#fig4}

![Effect of piperidylmethyloxychalcone (PMOC) on TAK1-catalyzed kinase activity. Catalytically active rhTAK1-TAB1 (**a**, **b**), rhIRAK-4 (**c**), rhIKKβ (**d**), rhJNK (**e**) or rhTBK-1 (**f**) was treated with PMOC for 10 min in cell-free reactions. *In vitro* kinase activity was then monitored by incorporation of \[^32^P\] from the \[γ-^32^P\]ATP probe onto MBP as an exogenous substrate. Data are mean±s.d. (*n*=5). \**P*\<0.05 vs rhTAK1-TAB1- or other protein kinase alone-containing group. (**b**) Kinetic data of rhTAK1-TAB1-catalyzed kinase activity are represented as 1/V, an inverse of the initial increase of cpm values per min (Δcpm min^−1^), with varying concentrations of ATP.](emm2017156f5){#fig5}

![Effect of piperidylmethyloxychalcone (PMOC) on displacement of fluorescent ATP probe from the complex with rhTAK1-TAB1. (**a**) Fluorescent ATP probe (TNP-ATP, 2 μ[M]{.smallcaps}) was pre-incubated with rhTAK1-TAB1 (100 ng) for 2 h in cell-free reactions to achieve stable fluorescence intensity under excitation at 400 nm, and treated with PMOC for another 2 h. Emission spectra at 500--610 nm are represented as relative fluorescence units (RFUs). (**b**) TNP-ATP was pre-incubated in the absence or presence of rhTAK1-TAB1 for 2 h and treated with PMOC for another 2 h. Fluorescence intensity was measured as RFU under excitation at 400 nm and emission at 550 nm. Data are mean±s.d. (*n*=5). ^\#^*P*\<0.05 vs TNP-ATP alone-containing group. \**P*\<0.05 vs TNP-ATP plus rhTAK1-TAB1 alone-containing group. (**c**) Docking arrangement of PMOC to the crystal structure of TAK1 was carried out with the Surflex-Dock program. PMOC is represented as a green color, and TAK1 as a grey color. Hydrogen bonding between PMOC and TAK1 is indicated as a black dotted line. (**d**) Superimposed docking of PMOC onto the endogenous ligand, ATP bound to TAK1. PMOC is represented as a green color, ATP as a yellow color, and TAK1 as a gray color.](emm2017156f6){#fig6}
